In this study we sought to determine whether characteristics of ventricular-induced atrial preexcitation during reciprocating tachycardia could help differentiate atrioventricular (AV) nodal reentry from orthodromic AV reentry using an accessory pathway and to identify the site of accessory pathways in patients with Wolff-Parkinson-White syndrome. Fifty-five patients with orthodromic AV reciprocating tachycardia and 22 patients with AV nodal reentrant tachycardia were studied with standard electrophysiologic techniques. There were 24 left free wall, 23 posterior septal, seven anterior septal, and one right free wall accessory pathways. Progressively premature right ventricular complexes (V2) were introduced during reciprocating tachycardia (V1V1). The VIV, interval during tachycardia minus the longest VIV2 at which atrial preexcitation occurred defined a preexcitation index (PI). Atrial preexcitation occurred in 49 of 55 (89%) patients with AV reentry compared with only three of 22 (14%) patients with AV nodal reentry (p < .001). In the three patients with AV nodal reentry who demonstrated atrial preexcitation, the PI was distinct from that of the septal pathways and was in the upper range of values for left free wall pathways. The percentage of tachycardias demonstrating atrial preexcitation was not different between the free wall and septal pathways, but His bundle activation was visible at the time of atrial preexcitation in only six of 17 (35%) left free wall compared with 13 of 16 (81%) posterior septal and seven of seven (100%) anterior septal pathways (p < .05 free wall vs posterior or anterior septal). Mean PI was 88, 38, and 17 msec for left free wall, posterior septal, and anterior septal pathways, respectively; all values were significantly different from each other. PI differentiated septal from left free wall pathways in 37 of 48 (77%) patients; a PI of 75 msec or greater occurred only with left free wall pathways and a PI under 45 msec only with septal pathways. Thus characteristics of ventricular-induced atrial preexcitation during reciprocating tachycardia help differentiate between AV nodal reentry and AV reentry and between left free wall and septal accessory pathways.
OBJECTIVES of electrophysiologic study in patients with supraventricular tachycardia include determination of the tachycardia mechanism and localization of the accessory pathway if present, especially if surgical or catheter ablative therapy is contemplated.lA Two common mechanisms of paroxysmal supraventricular tachycardia are atrioventricular (AV) nodal reentry and orthodromic AV reentry using an accessory path-way for retrograde conduction. Electrophysiologic criteria to differentiate these two tachycardia mechanisms include a minimum ventriculoatrial interval during tachycardia of less than 61 msec or a ventricular to high right atrial (V-HRA) interval less than 95 msec,5 a retrograde atrial activation sequence during reciprocating tachycardia,6,7 lengthening of the ventriculoatrial interval or tachycardia cycle length with functional bundle branch block,'11 and the ability to shorten the atrial cycle length during tachycardia (atrial preexcitation) by introducing a premature ventricular impulse at a time when the His bundle is known to be refractory. [12] [13] [14] However, all of these criteria have limitations and often are not present at all. For example, functional bundle branch block, if it occurs, is useful only when it is ipsilateral to the site of the accessory path-way, and a normal retrograde atrial activation sequence does not distinguish between AV nodal reentry and AV reentry using a septal accessory pathway.
Preexcitation of the atria during tachycardia by premature ventricular complexes (ventricular-induced atrial preexcitation) at a time when anterograde His bundle activation is identified demonstrates that an accessory pathway capable of retrograde conduction is present, but a more generalized use of this technique to distinguish AV from AV nodal reentry or to localize accessory pathways has not been studied in detail. Since ventricular-induced atrial preexcitation during right ventricular pacing should be more difficult to obtain in AV nodal reentry and AV reentry using left free wall as opposed to septal accessory pathways,14 we tested the hypothesis that characteristics of ventricular-induced atrial preexcitation could differentiate AV from AV nodal reentry and could localize the position of an accessory pathway.
Methods
Fifty-five patients with Wolff-Parkinson-White syndrome and orthodromic reciprocating tachycardia and 22 patients with AV nodal reentrant tachycardia underwent electrophysiologic study in the postabsorptive, nonsedated, drug-free state after written informed consent had been obtained. Multipolar electrode catheters were introduced percutaneously into femoral, antecubital, and/or subclavian veins and positioned in the high right atrium, right ventricle, across the tricuspid valve in the region of the His bundle, and the coronary sinus. Pacing was performed with 2 msec rectangular stimuli at twice late diastolic threshold with a custom-built programmable stimulator. Intracardiac recordings filtered at 30 to 500 Hz and standard electrocardiographic leads I, II, III, and V, filtered at 0. 1 to 20 Hz were displayed simultaneously on a multichannel oscilloscope and recorded at paper speeds of 50 to 150 mm/sec. Measurements were made either with hand-held calipers or an interactive computer program. 15 Patients with AV reentrant tachycardia had a V-HRA interval greater than 95 msec and satisfied at least one of the three following criteria: (1) eccentric retrograde atrial activation during tachycardia, (2) a change in the ventriculoatrial interval with functional bundle branch block during tachycardia, and (3) atrial preexcitation with premature ventricular stimulation during tachycardia at a time when the His bundle was known to be refractory. Patients with AV nodal reentrant tachycardia had a concentric retrograde atrial activation sequence and no evidence of accessory pathway conduction in either anterograde or retrograde directions as well as one or both of the following: (1) tachycardia reproducibly initiated after a critical AV nodal delay and (2) a V-HRA interval under 95 msec.
Accessory pathway location was determined at electrophysiologic study by the following techniques: (1) orientation of delta wave morphology during maximal preexcitation,2 (2) atrial activation sequence mapped from multiple locations in the right atrium and within the coronary sinus during both supraventricular tachycardia and right ventricular pacing,7 (3) atrial pac ing from right atrial and coronary sinus sites to determine the pacing site with the shortest stimulus to delta wave interval,6 (4) a change in ventriculoatrial interval during tachycardia when a functional bundle branch block occurred ipsilateral to the loca-tion of the pathway; an increase in ventriculoatrial interval of 30 msec or greater was considered a free wall pathway and an increase under 30 msec was considered a septal pathway.'1 Atrial preexcitation. During reciprocating tachycardia in each patient, premature ventricular complexes were introduced at progressively shorter (decrements of 10 msec) coupling intervals beginning in late diastole and continuing until either the ventricular effective refractory period was obtained or reciprocating tachycardia terminated. Atrial preexcitation was defined as (1) a sudden decrease of 10 msec or more in the atrial cycle length (AA) surrounding the premature ventricular complex and (2) a progressive further decrease in AA with earlier premature ventricular complexes (figure 1); reciprocating tachycardia terminated after the first AA decrease of 10 msec in a few instances. For this study, the definition of atrial preexcitation did not require the identification of anterograde His bundle depolarization. The AA interval was measured from the first rapid atrial deflection in the intracardiac lead having the earliest recognizable atrial activity during tachycardia. All patients had stable tachycardias without alternation of tachycardia cycle length.
Preexcitation index. Two preexcitation indexes were developed to quantitate the degree of ventricular prematurity required for the ventricular impulse to effect atrial preexcitation. These indexes and their method of determination are illustrated schematically in figure BPercentage of tachycardias demonstrating atrial preexcitation with one premature ventricular complex.
cPercentage of preexcited tachycardias with visible anterograde His at time of preexcitation. In eight patients the His was not consistently recorded during tachycardia. interval surrounding the premature ventricular complex. Relatively late premature ventricular impulses do not preexcite the atria and the AA interval remains the same as the V IV, interval.
However, at a critical V1V2 interval the premature ventricular complex preexcites the atria and the AA interval shortens. As the premature ventricular impulse is introduced even earlier, the AA interval continues to shorten until either termination of reciprocating tachycardia or ventricular refractoriness occurs.
For each patient, two indexes of preexcitation were derived from this curve. Preexcitation index 1 (PI,) is expressed in milliseconds and represents the difference between the tachycardia cycle length and the longest VIV2 interval at which atrial preexcitation occurs. A second preexcitation index (P12) was developed to normalize preexcitation with respect to tachycardia cycle length (V1 V2V1VIV).
Statistical analysis. Tachycardia cycle lengths were compared between two groups with a t test. Termination and atrial preexcitation of AV nodal compared with AV reentrant tachycardias (table 1) were compared by Fisher's exact test. Mean preexcitation indexes (table 2) were compared with analysis of variance, and multiple comparisons were done with the Bonferroni correction. Characteristics of AV reentrant tachycardia among the three pathway locations (table 3) were compared by chi-square followed by Fisher's exact tests with the Bonferroni correction.
Results
Patients. Fifty-five patients had AV reentrant tachycardia utilizing an accessory pathway for retrograde conduction. Left free wall pathways included left lateral (n = 21) and left posterior (n = 3) pathways.-Posterior septal pathways consisted of left (n = 11) and right (n = 8) posterior paraseptal pathways and posteroseptal (n = 4) pathways. Anterior septal pathways included one left anterior paraseptal and six right anterior paraseptal pathways. Only one patient had a right lateral pathway, and no patient had evidence of more than one bypass tract. Ventricular-induced atrial preexcitation is illustrated in a patient with a septal accessory pathway (figure 2) and in a patient with a left free wall pathway ( figure 3 ).
Twenty-two patients met the criteria for AV nodal reentrant tachycardia. Twenty of these patients had typical (slow anterograde and fast retrograde conduction) and two patients had atypical (fast anterograde and slow retrograde conduction) AV nodal reentry. Four of the 20 typical AV nodal reentrant tachycardias had V-HRA intervals greater than 95 msec (120 to 135 msec). An AV nodal reentrant tachycardia that demonstrated ventricular-induced atrial preexcitation is illustrated in figures 4 and 5.
AV vs AV nodal reentry. Table 1 compares AV reentry with AV nodal reentry. There was no significant difference in mean tachycardia cycle length between the two groups. Atrioventricular reentry was terminated by one premature ventricular complex (p < .002) and demonstrated atrial preexcitation during tachycardia (p < .001) more frequently than AV nodal reentry. Approximately two-thirds of AV reentrant tachycardias that demonstrated atrial preexcitation did so at a time when depolarization of the His bundle had visibly occurred anterogradely; no patient with AV nodal reentry showed this finding. Only three of 22 (14%) patients with AV nodal reentry demonstrated preexcitation during tachycardia. All three of these patients had the typical slow-fast form of AV nodal reentrant tachycardia with a V-HRA interval under 95 msec (75 to 80). The mean cycle length of the three AV nodal reentrant tachycardias demonstrating atrial preexcitation was 440 msec, compared with a mean cycle length of 335 msec (p < .05) for the 19 tachycardias not demonstrating preexcitation. Table 2 shows the mean preexcitation indexes in those patients with either AV or AV nodal reentrant tachycardia who demonstrated atrial preexcitation.
The PI, of the AV nodal reentrant tachycardias was closest to that of left free wall accessory pathways and was significantly different from that of the septal pathways. Figure 6 illustrates PI, values for each pathway location and for the three patients with AV nodal reentry. The three patients with AV nodal reentry had PI, values (.:-100 msec) greater than those in 14 of the Reciprocating tachycardia is present with a cycle length of 310 msec. A His bundle deflection (H) precedes each ventricular electrogram in the His bundle lead. During tachycardia, a premature ventricular complex is introduced relatively late in diastole at a coupling interval of 285 msec and, at a time when the His bundle is already activated anterogradely, the AA interval is preexcited to 295 msec. The earliest atrial activation is within the ventricular electrogram in the His bundle lead followed by activation of the proximal coronary sinus, distal coronary sinus, and high right atrium. This retrograde atrial activation sequence is indistinguishable from that of AV nodal reentry. Atrial preexcitation by a relatively late premature ventricular complex during tachycardia was typical of septal accessory pathways and was associated with a short PI, (25 msec in this case). , i ' I IjI jIIjIIjI'llllll!!tI !!fsj §in I jII I FIGURE 3 . Ventricular-induced atrial preexcitation in a patient with a left free wall accessory pathway. The format is the same as in figure 2 , except a high right atrial electrogram is not included. Reciprocating tachycardia is present with a cycle length of 350 msec and a His bundle deflection precedes each ventricular electrogram in the His bundle lead. Atrial preexcitation did not occur in this patient until the coupling interval of the premature ventricular complex was decreased to 260 msec, at which time the AA interval decreased to 330 msec. The His bundle electrogram is obscured by the ventricular electrogram at the time of preexcitation. During tachycardia and after preexcitation, the earliest retrograde atrial activation occurs in the distal coronary sinus electrogram followed by the proximal coronary sinus and His bundle electrograms, demonstrating retrograde atrial activation using the accessory pathway. In left free wall accessory pathways, atrial preexcitation could often be obtained but required relatively early ventricular extrasystoles (long PI ) and often occurred when the His bundle electrogram was not visible. The format is the same as the preceding figures. The first two complexes represent sinus rhythm during which two premature atrial extrastimuli are introduced. A modest increase in AH interval occurs after the first premature atrial stimulus (S2), but a marked increase in AH interval occurs after the second premature atrial stimulus (S3) and tachycardia is initiated. Tachycardia induction in this patient consistently required a large AH 'jump." The V-HRA interval is 70 msec, excluding retrograde conduction via an accessory pathway. The earliest atrial activation is within the ventricular electrogram in the His bundle lead followed by the proximal and distal coronary sinus atrial electrograms.
Localization of accessory pathways. Table 3 compares characteristics of left free wall, posterior septal, anterior septal, and right free wall accessory pathways. Only one patient had a right free wall pathway and thus the characteristics of this location cannot be adequately compared with those of the other locations. Tachycardia cycle length was similar among the accessory pathway locations. AV reentry involving left free wall ac-FIGURE 5. Ventricular-induced atrial preexcitation in AV nodal reentry (same patient as in figure 4 ). The format is the same as that of figure 4 . AV nodal reentrant tachycardia is present with a cycle length of 410 msec. A premature ventricular complex from the right ventricular outflow tract (a stable apical site could not be obtained) with a coupling interval of 300 msec is introduced during tachycardia and shortens the AA interval to 395 msec. This was the longest VIV2 interval that effected atrial preexcitation in this patient, although shorter V1V2 intervals could decrease the AA interval to as short as 355 msec. . The mean values of P12 for each of the three pathway locations were significantly different (p < .001), and there was no overlap of the index between less likely to be terminated with the anterior septal and the left free wall pathway localar complex than was tachycartion. However, compared with PI, there was greater ithways (p < .05), the majority overlap between posterior septal and left free wall valainated with one premature imues, and PI2 differentiated left free wall from septal of patients demonstrating atrial accessory pathways in only 54% (26 of 48) of patients. preexcitation did not differ between left free wall and septal accessory pathways. However, the His bundle deflection was visible at the time of preexcitation in only 35% of tachycardias involving left free wall accessory pathways compared with 87% of septal pathways (p < .05).
In those patients whose tachycardia demonstrated atrial preexcitation, the P1, was longest for left free wall pathways, shortest for anterior septal pathways, and intermediate for posterior septal pathways (table   2) . There was a significant difference in P1, between the left free wall and septal accessory pathways (p < .001) and between the posterior septal and anterior septal accessory pathways (p < .001). Figure 6 illustrates that a P1, of less than 45 msec occurred only with septal accessory pathways and a PI, of 75 msec or greater only with left free wall accessory pathways.
The P1, differentiated all anterior septal (c25 msec) from all left free wall (-50 msec) pathways, but there The PI2 can also vary in the same patient if the tachycardia cycle length changes substantially. For example, one patient had dual AV nodal pathways and a left posterior paraseptal accessory pathway. Only AV reentry was induced but anterograde conduction occurred over either the fast or slow AV nodal pathway. Thus two tachycardia cycle lengths (280 and 430 msec) were present associated with distinctly different AH intervals. This change in tachycardia cycle length due to anterograde conduction characteristics had little effect on PI1 but P12 changed from 0.79 to 0.88.
Discussion
Localization of accessory pathways is important before surgery or catheter ablative therapy, and it is critical that AV nodal reentry not be mistaken for AV reentry using a septal accessory pathway for retrograde conduction. Standard criteria for making these distinctions may sometimes be inconclusive. Thus we investigated the ability of preexcitation indexes derived from ventricular-induced atrial preexcitation during reciprocating tachycardia to differentiate AV reentry using a septal accessory pathway from AV nodal reentry and to localize accessory pathways. The P1, distinguished all patients with septal accessory pathway from the three patients with atrial preexcitation during AV nodal reentry. In addition, atrial preexcitation during tachycardia or termination of tachycardia with one premature ventricular complex made AV reentry using a septal accessory pathway more likely than AV nodal reentry. PI1 distinguished all anterior septal from left free wall pathways, and it differentiated septal from left free wall pathways in 77% of patients in whom preexcitation occurred; a P1, of 75 msec or greater occurred only with left free wall pathways and a P1, under 45 msec only with septal accessory pathways. Inability to preexcite the atrium during tachycardia excluded anterior septal pathways and was unusual (2/23) for posterior septal pathways.
Previous studies have demonstrated that the location of ventricular stimulation in relation to the site of the accessory pathway is an important determinant of the maximal amount of atrial prematurity obtainable by ventricular-induced atrial preexcitation" and the ventriculoatrial interval following the premature ventricular complex. 16 For example, Sellers et al. 14 showed that premature ventricular impulses introduced from the right ventricle resulted in a greater degree of atrial preexcitation in patients with septal accessory pathways than in those with left free wall pathways. In addition, more atrial preexcitation was obtained with left than with right ventricular extrasystoles in patients Vol. 74, No. 3, September 1986 with left free wall accessory pathways. Thus the fur ther the pacing electrode is from the anatomic locatior of the tachycardia circuit, the more premature the ventricular extrasystole must be to enter the accessor pathway and preexcite the atria. This also explain why right ventricular-induced atrial preexcitation is more readily accomplished with a left-sided accessoro pathway when functional left bundle branch block occurs during tachycardia, 14 presumably because the right bundle branch and right ventricle become part ol the tachycardia circuit during left bundle branch blocl aberrancy. Indeed, the preexcitation index in two ol our patients with left free wall accessory pathways suggested a septal accessory pathway location wher left bundle branch block aberrancy occurred during tachycardia.
The total amount of atrial preexcitation obtainable iP determined by both the degree of prematurity necessary to produce preexcitation as well as either the ventricular or accessory pathway retrograde effective refractory period during reciprocating tachycardia. Wc analyzed only the latest premature ventricular comple) that produced atrial preexcitation as a determinant o1 pathway location to avoid potentially misleading daut occurring as a result of differences in ventricular anc accessory pathway refractoriness among patients. The overlap of PI1 between posterior septal and left free wall pathways is not surprising because the location o0 accessory pathways is a continuum. Pathways locatec near the junction of the posterior septal area and the posterior left free wall would be expected to exhibi similar preexcitation properties.
AV reentry using septal accessory pathways may b particularly difficult to differentiate at electrophysio logic study from AV nodal reentry when the V-HRA interval is greater than 95 msec and dual-pathwa3 physiology is not observed with initiation of tachycar dia.5 Both arrhythmias show a similar retrograde atria activation sequence during tachycardia and little or n( change in the ventriculoatrial interval with functiona bundle branch block. Our data demonstrate that atria preexcitation in AV nodal reentry occurs only witl very early ventricular extrasystoles (mean PI1 of l0M msec). The overlap of P1, between AV nodal reentr and left free wall pathways is only at the upper ex treme, and P1, values below 100 msec did not occu with AV nodal reentry. Although preexcitation index es may not distinguish all left free wall accessory path ways from AV nodal reentry, they distinguish all sep tal accessory pathways from AV nodal reentry even i the His deflection is not noted during preexcitation. Normalization of the preexcitation index for tachy cardia cycle length (P12) was not as useful in distinguishing left free wall from septal accessory pathways as was the actual degree of prematurity required to effect atrial preexcitation (P1,). Tachycardia cycle length can vary because of changes in anterograde conduction characteristics, such as the AH interval, without affecting PI1. The use of preexcitation indexes has limitations. Reciprocating tachycardia must be of sufficient duration to allow introduction of progressively premature ventricular extrasystoles, although this is usually not a problem. Determination of the longest V1V2 interval resulting in atrial preexcitation may be difficult in patients with alternation in tachycardia cycle length. There is some overlap of preexcitation indexes between patients with left free wall and posterior septal pathways. In addition, preexcitation indexes derived during bundle branch block aberrancy may yield misleading data if the bundle branch block is ipsilateral to the location of the accessory pathway. Lastly, in some patients preexcitation can occur during AV nodal reentrant tachycardia and the indexes overlap with the outer limits of the indexes of left free wall accessory pathways, thus precluding differentiation of AV nodal reentry from AV reentry in this situation.
In conclusion, our findings show that the preexcitation index differentiates patients with AV nodal reentrant tachycardia from those with septal accessory pathways. In addition, characteristics of atrial preexcitation during reciprocating tachycardia help to differentiate left free wall from septal accessory pathway locations. Preexcitation characteristics are useful in conjunction with other criteria to establish the mechanism of supraventricular tachycardia and to localize accessory pathways.
